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Semiconducting carbon nanotubes (CNTs) possess outstanding electrical and optical properties because of their special one-dimen-     
sional (1D) structure. CNTs are direct bandgap materials, which makes them ideal for use in optoelectronic devices, e.g. light 
emitters and light detectors. Excitons determine their light absorption and light emission processes due to the strong Coulomb 
interactions between electrons and holes in CNTs. In this paper, we review recent progress in CNT photodetectors, photovoltaic 
devices and light emitters. In particular, we focus on the doping-free CNT optoelectronic devices developed by our group in re-
cent years. 
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The semiconducting single walled carbon nanotube (SWCNT) 
is a typical direct-gap 1D material, which is suitable for the 
construction of nano-scale optoelectronic devices. Interest 
in CNT-based photoelectronics stems from the possibility of 
producing nano-scale light emitters and photoconductors, 
which can then be used in integrated multifunctional pho-
tonic circuits [1]. The CNT has good absorption across the 
ultraviolet-infrared (UV-IR) spectra and almost no light is 
reflected from CNT thin films. Semiconducting CNTs also 
have several unique features that are important for IR pho-
todetectors; these include extreme IR light absorption and 
high room temperature mobility for an ultrafast ps-scale 
photoresponse [2,3]. The diameters of CNTs are tunable and 
multiple nanotubes with different band structures can be 
combined to match the solar spectrum for photovoltaic (PV) 
applications. CNT solar cells also provide a new choice for 
future environmentally clean energy sources [4,5].  
The optical properties of CNTs, including light absorp-
tion and light emission, are determined by bound exciton 
states due to the strong Coulomb interaction between elec-
trons and holes in the 1D system [6]. The exciton binding 
energy of the semiconducting SWCNT depends inversely 
on the CNT diameter, and it is ~0.43 eV for a typical 
SWCNT (6,5) with d ~0.8 nm [7]. The exciton binding en-
ergy also depends on the dielectric environment in which 
the CNTs are embedded [8]. These two excitonic character-
istics provide feasible methods which can be used to modu-
late the properties of CNT optoelectronic devices in appli-
cations. To date, many types of CNT optoelectronic device 
have been investigated, including light detectors, light 
emitters and solar cells. In this paper, we review the pro-
gress in CNT photoelectric devices over the past few years. 
1  CNT photodetectors and solar cells 
Photodetectors based on CNTs have been demonstrated in 
field-effect transistors (FET) [9–11], Schottky-barrier (SB) 
diodes [12] and p-n junctions [13,14]. In early reports on 
CNTFET photoconductivity, oxygen absorption and de-
sorption was found to be an important factor for the pho-
toresponse of CNTFETs to high-energy photons such as UV 
illumination [11]. The photocurrent of the CNTFET is gene-    
rated by excitation, which can be used to make a polarized 
photoconductor [9]. The maximum internal quantum effi-
ciency of the CNTFET photoconductor was estimated to be 
about 10% by a group from IBM [9]. If the Schottky   
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barriers at the two source and drain contacts of the CNTFET 
device are different, the photovoltage can be observed [12]. 
Typical open-circuit photovoltages of VOC=300 mV and 
short-circuit currents of ISC=100 pA are generated when the 
device is illuminated with uniform infrared light at about  
1 kW/cm2. In such a device structure, the open-circuit pho-
tovoltage is independent of the gate voltage because the 
maximum photovoltage is determined by an internal field 
generated by the height difference between the two SBs 
[12]. However, the SB will reduce the maximum achievable 
photovoltage, which is limited by the CNT bandgap.  
In modern optoelectronic devices, the p-n junction is the 
basic building block of most photodetectors, light sources 
and solar cells, but it is difficult to form an air-stable p-n 
junction using traditional doping methods [15]. It may also 
lead to low efficiency for induction of more scattering cen-
ters or trap states by chemical doping with organic materials 
[16]. A CNT p-n junction with a split gate structure was 
designed successfully by Lee et al. [17]. Two split gates 
separated by 0.5 m are used to form the p-region and the 
n-region in two halves of the same CNT with different elec-
trostatic doping controls. The CNT diode using this p-n 
junction shows good rectifying I-V characteristics and fits 
well with the diode equation, with ideality n=1.2 [17]. A 
device with an ideality factor of n=1 is also obtained when 
the CNT is suspended [13]. One important mechanism for 
multiple electron-hole pair generation was first observed in 
such a split gated CNT p-n junction [14]. This carrier multi-
plication can improve the efficiency of photovoltaic solar 
cells beyond the Shockley-Quiesser limit [18]. However, 
PV devices based on this p-n junction can only work under 
different gate bias controls, and are not suitable for applica-
tions because of the extra power supply requirements and 
the complicated fabrication process.  
In the past few years, we have developed a new type of 
CNT diode device, the barrier-free bipolar diode (BFBD), 
with doping-free methods [19]. This device was first con-
structed in a CNT complementary metal-oxide semicon-
ductor (CMOS) unit, as shown in Figure 1(a). The CNT 
device with two Pd electrodes exhibits p-type FET charac-
teristics (Figure 1(b)). When Sc electrodes are used, the 
device characteristics become those of an n-type FET (Figure 
1(c)). The device can function as a CMOS inverter when the 
two middle electrodes (V2, V3) are connected, with VOUT = 
V2=V3 and VIN=V5. In addition to the basic function of a 
CNT inverter shown in Figure 1(a), we also found that the 
CNT segment between the V2 and V3 electrodes can be used 
to form a high-quality diode, as shown in Figure 2. Al-    
though this CNT segment is redundant for the CMOS in-
verter, it is not detrimental to the inverter performance, with 
a high voltage gain of more than 10 (Figure 1(d)).  
Our CNT BFBD consists of an intrinsic semiconducting 
SWCNT, which is asymmetrically contacted using Pd and 
Sc or Y electrodes (Figure 1(a)). It has been shown that  
 
Figure 1  CNT based CMOS inverter characteristics. (a) SEM image of the device. The transfer characteristics, i.e. Ids-Vgs for (b) Pd-contacted CNT p-type 
FET (with Vds=V1, V2=0, Vgs=V5) and (c) Sc-contacted CNT n-type FET (with Vds=V3, V4=0, Vgs=V5). (d) Transfer characteristics of the CMOS inverter with 
VDD=V1, V4=0, V2=V3=VOUT, VIN=V5, showing a voltage gain of more than 10. The diameter of the CNT is ~1.5 nm, and all channel distances between elec-
trodes (Pd-Pd, Pd-Sc, Sc-Sc) are 4 m. The inserts in (b) and (c) are the drain I-V characteristics of the FETs, showing that the contacts between CNT/Pd and 
CNT/Sc are both ohmic [19]. 
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Figure 2  Characteristics of barrier-free bipolar diode. (a) I-V curve of a typical diode, with CNT diameter d ~1.5 nm and length L ~4 m. (b) The energy 
band diagram of the asymmetrically contacted CNT which corresponds to the four points A, B, C, and D of (a). (c) Experimental and fitted I-V curves for 
two CNTs with different diameters of d ~1.7 nm and d ~3.5 nm. (d) I-V characteristics for a BFBD device at three different gate voltages. (e) Gate transfer 
characteristics for the same diode with source-drain bias Vds=1 V, showing that the device is indeed an ambipolar FET [19]. 
carriers can be injected, barrier-free, into the valence band 
of the CNT from the Pd electrode [20], and into the conduc-
tion band from the Sc or Y electrode [21–23]. For a BFBD 
device with a smaller CNT diameter d ~1.7 nm and a chan-
nel length L = 2 m, we find that n~1.08 fits well in the 
modified diode equation [24]: I=(V  IRs)/Rsh + Is [exp(q (V  
IRs)/nkT )1], as shown in Figure 2(b) [19]. This value is 
very close to the ideal factor of 1 and shows that our diode 
exhibits a high performance PV effect [25]. The I-V charac-
teristics of the diode (Figure 2(c) and (d)) also depend on 
the gate voltage Vgs, providing another possibility to further 
improve the diode properties. The ambipolar transport under 
forward bias of V=1 V means that both electrons and holes 
can be injected into the CNT channel effectively under the 
appropriate gate voltage. Figure 2(d) shows three distinct 
I-V curves measured with three gate voltages: Vgs=10, 5, 
20 V. The device shows good rectification at both large 
positive Vgs=10 V and negative Vgs=20 V.  
The response of the BFBD device with CNT d ~1.5 nm to 
infrared laser illumination is shown in Figure 3(a). The three 
curves correspond to dark, illumination with power density 
of 9 kW/cm2 and illumination at 45 kW/cm2 [25]. The en-
ergy band diagram (Figure 3(b)) summarizes the essential 
physical processes of the BFBD under illumination. A 
built-in field is formed across the device, even in the middle 
region, for a device channel length L = 800 nm, effectively 
separating the photo-generated electron-hole pairs in the 
device and resulting in photocurrent and photovoltage.  
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Figure 3  PV characteristics of a BFBD device. (a) I-V curves measured in the dark and under illumination, corresponding to photovoltage and photocurrent 
with increasing light intensity. (b) Energy band diagram of the BFBD showing the process of generation and transport of photocarriers within the CNT 
channel [25]. 
Figure 4(a) shows the dependence of both VOC and ISC on 
the illumination power density. For a power density lower 
than 45 kW/cm2, ISC varies linearly with the power density, 
but it starts to saturate for larger light power densities. This 
is because the larger illumination power may lead to a high-
er sample temperature, which in turn results in a higher re-
combination rate for the photogenerated e-h pairs. VOC, on 
the other hand, follows a logarithmic dependence on the 
illumination power density for small power densities and 
begins to saturate at about 45 kW/cm2. An open-circuit vol-     
tage of VOC = 0.23 V and a large photocurrent ISC of more 
than 15 nA can be obtained for CNT BFBD device with   
d ~1.5nm. For our devices, the fill factor (FF) ranges from 
0.29 – 0.51 and conversion efficiency ~(0.1% – 0.4%) for a 
typical single nanotube device with low light absorption. 
However, the actual quantum efficiency is of the same order 
as that reported for other device geometries, i.e. ~10% [9].  
The p-n junction forms the basis of most traditional solar 
cells. CNT solar cells can be classified as homojunction or 
heterojunction solar cells. One important progression is 
CNT solar cells based on the homojunction, in which a 
built-in field can be constructed to separate the photocarri-
ers. CNT homojunction solar cells were mainly fabricated 
using doping methods or by forming different metal-CNT 
contacts in early reports of these devices [5,13,16,26]. The 
CNT photovoltaic effect based on a p-n junction with split  
gate control can also be applied to solar cells, but the fabri-
cation process is relatively complicated and the cells need 
an externally applied gate voltage to convert the solar power. 
Asymmetrical contact Pd and Al electrodes connected to 
CNTs via a welding method can also be used as solar cells, 
but it is difficult to fabricate large scale devices because of 
the welding process [26].  
Heterojunctions between different materials and CNTs 
can be formed through bandgap matching. Materials such as 
CNT and n-type heavily doped silicon [27–29], CNT-CdSe 
Schottky junction solar cells [30], and CNT-GaAs hetero-
junctions [31] have been designed to act as photovoltaic 
cells. However, the efficiencies of these heterojunction- 
based solar cells are still limited to within 7% [28]. The 
efficiency can be improved by decreasing recombination at 
the interface and increasing light absorption at the junction 
area. CNTs have also been used as light harvesting materi-
als or as electrodes to collect the photocarriers because of 
their high efficiency light absorption and excellent con-
ductance properties [32,33].  
Our doping-free CNT solar cells based on the BFBD de-
vice have some advantages for current solar cell develop-
ment. The CNT-type solar cell structure is fabricated via a 
very simple process, and only two types of metal must be 
used [19]. The CNT cell is not dependent on dopants, which 
are used in the production of many solar cells. The doping- 
 
Figure 4  (a) Photocurrent and photovoltage as a function of the illumination power density of a 785 nm laser. (b) The fourth quadrant I-V curve and power 
generation under 9 kW/cm2 illumination [25]. 
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free CNT solar cells may thus be used in high temperature 
or extremely low temperature environments without failures 
caused by dopant diffusion or dopant freezing.  
Although the conversion efficiency of the single SWCNT 
solar cell is far lower than that of existing silicon-based  
solar cells, these advantages are sufficient to encourage us 
to improve the efficiency with new methods or designs. For 
example, PV efficiency can be improved by using a high 
purity semiconducting CNT film.    
2  CNT light emitter 
CNT light emitters have been reported based on FETs 
[34–37], p-n junctions with electrostatic doping methods 
and split gates [38], and BFBD devices with asymmetric 
contacts [39]. Electroluminescence (EL) from a network of 
CNTs has also been investigated in a FET geometry using 
CNT films or arrays of aligned CNTs [40–43], but the exci-
tation mechanisms in these devices are more complicated 
because of the extra interactions between the CNTs. The 
light emission efficiency may be decreased by the presence 
of metallic nanotubes due to non-radiative exciton annihila-
tion or by exciton transfer between the CNTs [43].  
There are three main mechanisms of excitation in the 
theory of electroluminescence [44]. One mechanism is the 
direct ionization of impurity systems by a strong local elec-
tric field of about 107 V/cm. Another is an impact excitation 
mechanism with a local field of ~105 V/cm, where the elec-
trons or holes are accelerated under a large electric field and 
excite the impurity system or electrons via inelastic colli-
sions. The final mechanism is by direct recombination of 
injected charge carriers (electrons and holes), which usually 
occurred in traditional p-n junction devices. The latter two 
mechanisms are the main principles of CNT EL devices. 
In the previous investigations of CNT light sources, EL 
sources based on the CNT-FET device are the most suc-
cessful and most detailed. The FET can be either the ambi-
polar type or the unipolar type with different contact elec-
trodes [1,34–37]. In the ambipolar FET, electrons and holes 
can be injected simultaneously into the CNT channel via 
tunneling, and then recombine to yield polarized light at 
large bias and under suitable gate voltage. The FET can 
appear to be unipolar where only one type of carrier (e.g. 
holes for a p-type FET with Pd contacts) is injected into the 
CNT. At a large enough bias, a strong local electric field 
may be generated around defects to induce impact excita-
tions because of the high kinetic energy carriers, generating 
electron-hole pairs and subsequently causing local light 
emission [35]. At the same time, another unexpected result 
of the use of a strong electric field in these devices is that it 
yields a much broader EL spectrum (150 meV) by mixing 
the excitonic states with those of the band-to-band continuum, 
which leads to spectral weight transfer from the excitonic 
peak to the continuum. The efficiency  of the radiative  
recombination process for EL is ~106 photons/electron-hole 
pair for the ambipolar FET, but it can be increased to 104– 
103 for the p-n junction diode [38].  
Recently, a CNT based light emitting p-n diode was de-
veloped by a group at IBM, using the electrostatic doping 
technique that has been used in the investigation of CNT 
photoelectric devices [38]. They demonstrated the LED 
principle in a SWCNT for the first time. The light emission 
of the p-n junction LED appeared to have a narrower peak 
of ~35 meV, and a much higher light generation efficiency. 
As discussed previously, the structure of this p-n diode is 
very complex, requiring different biasing to form electron 
(n-) and hole (p-) rich regions with reverse gate voltages. 
The EL mechanism in such a diode is unlike that of the 
conventional LED, which is a forward biased p-n junction, 
where carriers are injected into the recombination area 
mainly via thermal excitation. The IBM CNT p-n diode 
operates with SB contacts, and carriers are injected into the 
CNT channel via tunneling rather than via thermal excita-
tion. It is not easy to obtain large current injection and high 
intensity light emission in such a p-n junction LED. 
To obtain efficient light emission from CNT devices, we 
propose that large numbers of carriers can be injected from 
two electrodes at the same time without the SB, and they 
can then radiatively recombine with high efficiency. Our 
BFBD device provides a structure that can ensure two types 
of carriers (electrons and holes) are injected simultaneously 
[39]. EL measurements were also carried out in detail on 
our BFBD device, which is a true two-terminal light emit-
ting diode (LED). Only one bias is needed for LED opera-
tion, and light emission can be observed under a low bias of 
~2 V. Under a large forward bias, with the Sc contact being 
grounded, electrons can be injected, barrier-free, into the 
conduction band of the CNT from the Sc or Y contact. At 
the same time, holes can be injected into the valence band 
from the Pd electrode, as shown in Figure 5(c). The injected 
electrons and holes then recombine radiatively in the middle 
of the channel, appearing as a narrow emission peak with a 
FWHM of ~30 meV. Complete EL spectroscopy measure-
ments show that the emission process is dominated by radia-    
tive recombination of excitons.  
Recently, extremely efficient light emission of the order 
of 104 photons per electron-hole pair in a p-n diode based 
on CNTs was demonstrated with low current injection. 
However, this type of diode device relies on the use of at 
least three independent biases to drive the diode, to generate 
electron rich (n-) and hole rich (p-) regions, and is not a true 
two-terminal device. The device is also unsuitable for future 
integrated nanoelectronic and optoelectronic circuit applica-
tions, because of the increased complexity of the design and 
the fabrication process. 
The EL spectrum of a typical BFBD device (L=1 m) in 
Figure 1(d) shows a clear emission peak at 0.925 eV, which 
may be well fitted using a Gaussian and corresponds to a 
peak with a FWHM of about 40 meV. The CNT used in  
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Figure 5  Structure and characteristics of a CNT LED with asymmetric contacts. (a) Schematic diagram illustrating the structure of an asymmetrically 
contacted CNT device. In all electrical measurements, the Sc contact was grounded and the bias V was applied to the Pd contact. (b) Experimental I-V char-
acteristics of the CNT BFBD device with channel length ~1 µm. (c) Band diagrams which correspond to the two representative points A (forward bias) and 
B (zero or small reverse bias) of (b). (d) EL spectrum of the diode with a large diode forward current I = 7.5 A for a CNT with d~1.14 nm [39]. 
Figure 5 can be measured with Raman resonance spectra 
with a radial breathing mode (RBM) peak centred at RBM 
≈ 217 cm
1. The diameter of the CNT is found to be ~1.14 
nm using the relation d = 248/RBM [45,46]. This is con-
sistent with the E1u excitonic peak observed in our EL spec-
tra, and also with photoluminescence (PL) excitation spec-
troscopy (Kataura plot) data for a CNT with d ~1.14 nm 
[47–49]. The weaker emission peak marked by L lower than 
the excitonic state in Figure 5(d) may be attributed to light 
emission from localized excitons associated with CNT  
defects [38]. 
The EL performance of the BFBD device shows typical 
current dependence. The EL intensity is seen to increase 
linearly with increasing injected current (Figure 6(b)). It 
should be noted that for this device, the FWHM of this 
emission peak at 0.925 eV also increases with increasing 
current, from 26 meV at V=2.5 V to 33 meV at V=4.5 V. 
This FWHM of the EL spectrum is very close to that ob-
served in room temperature PL spectra, i.e. about 25 meV. 
The integrated EL intensity shows a highly linear relationship 
with current for two BFBD devices in the same SWCNT 
(Figure 6(b)). Our diode also exhibits a current threshold of 
~5 A for obvious infrared light emission.  
The EL characteristics of the BFBD device depend on 
the gate voltage, and this provides extra control of the EL 
intensity via the gate bias. The gate transfer characteristics 
of the BFBD device (Figure 1(e)) show that the device is 
the same as an ambipolar FET with forward bias V=1 V, but 
all of the I-V curves of the BFBD device show good recti-
fying behavior for all three gate voltages, Vg= 5, 1 and 5 V. 
The main carriers are electrons or holes for large positive 
(e.g. Vg=5 V) or negative gate voltage (e.g. Vg= 5 V), re-
spectively. Both EL spectra for these two gate voltages 
show the same dominant emission peak at E~0.925 eV, with 
a narrow FWHM of ~30 meV. The gate voltage is mainly 
used to modulate the injection efficiency of electrons (or 
holes), as shown in Figure 6(d). At a large negative Vg= 5V, 
the hole is the majority carrier type injected into the CNT 
channel. These injected holes may recombine with electrons 
injected from the Sc contact via tunneling. However, the 
electron is the majority carrier type in the CNT channel with 
Vg=5 V. The electrons injected from the Sc electrode may 
recombine with holes injected from the Pd contact via tun-
neling. Both cases yield a narrow peak in the EL spectra. 
Under these two conditions with the gate control, the EL 
processes are dominated by excitons formed near the elec-
trode, the EL intensity is determined by the number of mi-
nority carriers, and the FWHM of the EL peak is therefore 
of the same magnitude of ~30 meV. 
We also compared the performance of the LED with that 
based on a unipolar n-type FET that is fabricated on the 
same SWCNT [39]. The external quantum efficiency of our 
BFBD device is shown to be more than three times higher 
than that of the FET based device. At the same time, the  
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Figure 6  Current dependent EL spectrum and intensity of CNT BFBD device. (a) EL spectra obtained for currents between 5.5 A and 11 A for device 2 
(fabricated on the same SWCNT as device 1, see Figure 5). The three EL spectra correspond to forward bias V=2, 2.5 and 4.5 V. (b) Integrated emission 
intensity as a function of current for these two devices. (c) EL spectra of the device under two different currents, I=8 A (Vg=5 V) and 12 A (Vg= 5 V). 
Both EL spectra can be fitted well using Gaussians with the same FWHM of ~30 meV. (d) Band diagrams under different gate voltages. Points A and B 
correspond to Vg= 5 V and Vg=5 V of (c), respectively [39]. 
FWHM of the emission peak is ~30 meV in the LED spec-
trum, and is much narrower than that of the FET, at ~150 
meV. The operating voltage of the LED at ~2 V is also 
lower than that of the FET at ~10 V.  
3  Summary and future work 
Carbon nanotubes can be used to construct photodetectors, 
solar cells and light emitters because of their excellent opti-
cal and electrical properties. Although great progress has 
been made in CNT optoelectronics, there are still some 
challenges ahead. One of these challenges is realization of a 
CNT-based nano laser. This will require us to improve the 
synthesis of single-type CNTs to produce enhanced identi-
cal light emission from arrays of CNTs. 
Our doping-free fabrication of CNT based CMOS and 
optoelectronic devices thus provides an ideal platform for 
the future integration of CNT based nanoelectronic and op-
toelectronic devices. These CNT nano-scale light sources 
and detectors are also strong candidates for next generation 
inter-chip or on-chip optical communication. 
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